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Abstract. Wheat (Triticum aestivum L.) grain size and morphology are playing an increasingly important role as
agronomic traits. Whole spikes from two disparate strains, the commercial type Capelle and the landrace Indian Shot
Wheat, were imaged using a commercial computed tomography system. Volumetric information was obtained using
a standard back-propagation approach. To extract individual grains within the spikes, we used an image processing
pipeline that included adaptive thresholding, morphological filtering, persistence aspects and volumetric reconstruction.
This is a fully automated, data-driven pipeline. Subsequently, we extracted several morphometric measures from the
individual grains. Taking the location and morphology of the grains into account, we show distinct differences between
the commercial and landrace types. For example, average volume is significantly greater for the commercial type
(P = 0.0024), as is the crease depth (P= 1.61 105). This pilot study shows that the fully automated approach
described can retain developmental information and reveal new morphology information at an individual grain level.
Additional keywords: grain analysis morphometric measurements, segmentation.
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Introduction
The domestication of wheat (Triticum aestivum L.) is believed
to have occurred around 10 000 years ago and coincided with
a major cultural transition in human society. The increased and
changed diet, facilitated by wheat and other domesticated
cereals, has had ongoing effects on human health, evolution
and population size. Wheat currently provides about one-fifth
of the calories consumed by humans (Dubcovsky and Dvorak
2007) and is economically one of Europe’s key crop species.
One of the characteristics that distinguishes domesticated
breadwheat from its wild ancestors is an increase in grain size
(Fuller 2007; Brown et al. 2009) and a change in shape (Gegas
et al. 2010). Partly because of its effect on yield, increasing grain
size continues to be a major selection and breeding target in
modern wheat (Kovach et al. 2007). Shape has been a relatively
recent breeding target dictated by the market and industry
requirements. Indeed, grain shape (and size), density and
uniformity are important attributes for determining the market
valueofwheat grain, since they influence themillingperformance
(i.e. flour quality and yield). It has been proposed that milling
yield could be increased by optimising grain shape and size, and
modelling indicates that large and spherical grains would
provide the optimum grain morphology (Evers et al. 1990).
Characteristics such as grain weight, dimensions and
uniformity, contribute indirectly to the industry standard test
weight (grain weight per volume). The complex nature of
these traits, however, makes improvements difficult.
Nevertheless, several quantitative trait loci and genes
associated with seed morphology have been identified in
wheat, barley (Hordeum vulgare L.) and rice (Oryza sativa
L.). The nature of the genes underlying any of the quantitative
trait loci identified and the precise means by which grain size
and shape differ between existing germplasm, however, are not
known. Methods available for quantitative analysis of cereal
grain variation usually depend on bulk physical parameters,
such as thousand grain weight (Groos et al. 2003) or bulk
packing density (Doehlert et al. 2006; Wychowaniec et al.
2013). Other methods, usually based on computer vision,
provide data on individual grains and can yield insight into the
within-sample variation in grain shape and size (Gegas et al.
2010). However, most of these methods use loose mature grain,
so potentially valuable developmental information is lost and
the more complex aspects of grain shape (e.g. the crease, (Sun
et al. 2007)) are rarely considered.
Kernel number per spike is a key agronomic trait that has
a major impact on yield. However, it is complex and includes
CSIRO PUBLISHING
Functional Plant Biology
http://dx.doi.org/10.1071/FP14068
Journal compilation  CSIRO 2014 www.publish.csiro.au/journals/fpb
component traits such spike length, spikelet number per
spike, fertile spikelet number, sterile spikelet number and
compactness (Ma et al. 2007), and many of these traits seem
to be differentially regulated during the development of the
spike. Analysis of bulk grain often fails to capture variation in
such traits and manual dissection of the spike, though very
effective, is laborious. Methods that allow automated capture
and analysis of spike- and grain-related traits could therefore be
of immense use in plant biology and breeding.
The reduced cost and increased availability of X-ray
computed tomography (CT) scanners provides a possible
approach to overcome these barriers. In this paper, we describe
a simple method based on CT scanning and reconstruction that
captures grain shape in situ, allowing one to relate grain shape
and size to developmental position on the spike, as well as to
compare between strains. This nondestructive method is
relatively rapid and could be scaled to a larger sample size.
Additional computer-vision techniques (such as volumetric
visualisation and registration) could be used to extract
additional parameters and structures from the images. We use
it to compare two disparate types of wheat, an elite commercial
type and a traditional landrace type, with different spike
morphologies and grain types. The approach quantitatively
captures the developmental-related variation in grain shape
along the spike and provides a comparison between the types,
in addition to revealing quantitative differences in crease
morphology.
The novelty of this work is therefore twofold. First, to the
best of our knowledge, we present the first ever work on
automatic segmentation and morphometric analysis of wheat
CT data. Second, we present a simple segmentation procedure
for automatically identifying wheat grain from such CT scans
that is easy to replicate.
Materials and methods
Plant material and imaging conditions
Two disparate strains of wheat (Triticum aestivum L.), the
commercial type Capelle and the landrace Indian Shot Wheat,
were grown tomaturity in field plots and allowed to ripen.Whole
spikes harvested intact, taking care to avoid grain loss. Fig. 1
shows the resulting segmentations of the two strains found
using the proposed approach and Fig. 2 illustrates the terms
used when describing the botany of the wheat plant.
X-ray CT scans were acquired using a Phoenix Nanotom
180NF scanner (GE Sensing and Inspection Technologies,
Wunstorf, Germany) in ‘multiscan mode’ at a maximum
electron acceleration energy of 65 kV and a current of 140mA.
The samples were wrapped in a thin low-density polystyrene
sheet and then placed in a plastic test tube to minimise
movement during the scan. In total, 1200 projection images
were collected over a 360 rotation of the sample with the
detector in 2 2 binning mode (1152 1152 pixels), a
750-ms exposure time and three-image averaging. The time
for the multiscan was 80min and the spatial resolution was
54mm. ‘Multiscan mode’ consists of the combination of
reconstructed volumes of two (or more) individual scans (top
and bottom of the sample in the y-axis) to maximise the spatial
resolution while capturing the entire length of the wheat
spike. Image slice data was outputted in 16-bit tagged image
file format.
Ground truth estimation
To evaluate the performance of the proposed grain segmentation
algorithm, a set of ground truth segmentations was produced
that delineated grain from the background in certain scan slices.
A set of 20 slices was selected from the scans at random, 10
from the scans of Indian Shot Wheat and 10 from the
commercial bread wheat. Three users then provided ground
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Fig. 1. Example segmentations taken from computed tomography scans
of commercial breadwheat (left) and Indian Shot Wheat (right) obtained
using the approach outlined in Figs 4 and 5.
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Fig. 2. Illustration of a wheat spike modified from Kirby and Appleyard
(1987) (courtesy of Arable Unit RASE).
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truth segmentations for each of these slices using the freely
available LabelMe tool (http://labelme.csail.mit.edu, accessed
6 October 2014; Russell et al. 2008). An example of a slice
showing ground truth segmentations is shown in Fig. 3. This
resulted in a set of binary masks representing the grain regions
on each of these 20 slices. A majority voting scheme was used
to combine the different users’ segmentations and so determine
the final ground truth segmentation for each slice.
Grain segmentation
The grain was segmented from the CT volume using a multistep
segmentation process. Initially, the slices within the volume
were thresholded using an adaptive histogram thresholding
method. Small, noisy regions were then removed using
morphological filtering. Subsequently, a persistence approach
was used to filter the grain from any remaining floral organ
structures. The final step was to smooth each of the identified
wheat grains using morphological processing.
The first step was to segment the wheat grain from any
background region using an adaptive thresholding approach.
Thresholding seeks to separate an image into two distinct
regions (foreground and background) by assigning all pixels
whose intensity value is less than the given threshold into the
background region, and all pixels whose intensity is greater than
the given threshold into the foreground region. A single-user
defined threshold did not suffice in this application, since
differing imaging conditions meant that the wheat grain
appeared with different intensities across CT scans. Therefore,
the threshold was automatically learnt for each CT volume by
examining the distribution of intensities over the entire volume.
The distribution was bimodal (Fig. 4), with the major mode
corresponding to the background and noisy regions and the
minor mode corresponding to areas of wheat grain. This
bimodal distribution can be thought of a mixture of two
Gaussians with the means corresponding to the two modes.
The threshold can then be learnt by setting the threshold value
to the mean of the Gaussian corresponding to the minor mode
minus half the width of the Gaussian (Fig. 4).
The task therefore becomes to extract the smaller of the two
Gaussians. This was done by performing peak detection on the
entire histogram of the distributions. Peaks appeared as local
maxima on the histogram and so the two most prominent peaks
was extracted, the smaller of which correspondedto the mean
(m) of the Gaussian we wish to model. Having found the mean,
the s.d. is then directly learnt from the histogram. The threshold
was then set as t=m – w, where w is the full width at one-tenth
of the maximum. Fig. 4 shows this process along with a
sample segmentation obtained using the adaptive thresholding
approach.
As can been seen fromFig. 4b, although thewheat grainswere
segmented using the approach described above, some smaller
noisy regions were also present in the segmentation. Therefore, a
two-stage filtering methodology was used to remove any noisy
regions and segment only the wheat grain regions. First, any
regions (connected components) with fewer than 25 pixels were
removed and the regions were eroded using a morphological
erosion operation (Soille 2004)with a three-pixel disk structuring
Fig. 3. Ground truth segmentations overlaid on a slice through the Indian
Shot Wheat scan. Different colours correspond to different users’
segmentations obtained using the LabelMe tool (Russell et al. 2008).
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Fig. 4. (a) A histogram of pixel intensities over an entire computed tomography (CT) volume. The histogram is
bimodal in nature and can be modelled as a mixture of two Gaussians, the smaller of which corresponds to
wheat grain pixels. A threshold to segment wheat grain from the background can be learnt from this Gaussian
by setting the threshold as the mean of the Gaussian (m) minus the half width (i.e. t: =m w). (b) A slice from this
CT volume. (c) The same slice segmented using the automatically learnt threshold.
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element to separate any touching regions. Second, a persistence
approach was employed, whereby only regions with long
lifespans through the volume were kept.
To perform persistence based filtering, the lifespan of each
connected component within the thresholded volume was
recorded. The lifespan of a connected component is the
number of slices that the connected component appears in. The
basic intuition of persistence-based filtering is that the wheat
grain will have a longer lifespan and thus persist over the
volume, whereas smaller noisy regions will have a shorter
lifespan and can therefore be ignored. Once the lifespans of all
the connected components were measured, they were sorted in
ascending order. The largest ‘jump’ between two consecutive
lifespans as then taken to be the threshold that distinguished
wheat grain from nongrain regions (Fig. 5). Any connected
component whose lifespan was larger than this jump was
retained and corresponded to the extracted wheat grain regions.
The final stage of the segmentation process was to refine the
segmented regions using morphological filtering. Morphological
dilation (Soille 2004) is performed with a disk-based structuring
element of radius 3, which counteracted the erosion mentioned
above. Each connected component was then smoothed using a
3 3 3 Gaussian kernel and the final binary segmentations
were produced by performing Otsu’s thresholding method on
each slice (Otsu 1979).
Fig. 6 shows a set of slices through different CT volumes
with the results of the above segmentation process overlaid.
Figs 7 and 8 show 3D reconstructions of two different types
of wheat grain segmented from CT scans using this approach.
Extraction of morphometric measures
Measures were taken from each of the 3D connected components
(corresponding to individual wheat grain) after segmentation
had been performed. The morphometric measures that were
automatically extracted were length, width, length width
ratio, volume, crease depth ratio and hole volume. Fig. 9
shows the key measures extracted from the wheat grain from
which the abovementioned morphometric measures were
derived. The length and width were measured as the first and
second major axes of the ellipsoid fitted around the middle slice
of the connected component respectively. The length : width
ratio was then taken to be the length divided by the width and
corresponds to the horizontal axis proportion. The volume
corresponded to the total number of pixels segmented per
connected component.
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Fig. 5. The lifespan of all connected components measured throughout the volume of the computed
tomography scan sorted in ascending order. There is a noticeable ‘jump’ corresponding to the difference
between noisy regions and regions corresponding to wheat grains. The start and end point of this jump are
highlight by the green and red marker respectively. This ‘jump’ was used to filter grain from nongrain during
the segmentation process.
(a) (b) (c) (d)
Fig. 6. Cross-sections of wheat computed tomography volumes (a, c) along with the resulting segmentations
acquired (b, d). Both cross-sections (a, c) are taken from Indian shot wheat scans.
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The crease depth was calculated by examining the middle
slice of each connected component. A convex hull was taken
around the segmentation of the middle slice that encompassed
the segmented wheat grain area as well as the crease area. The
difference between the convex hull and the segmentation
revealed the crease area. The height of this crease area then
corresponded to the crease depth.
The hole volume was used to examine whether there were
any voids within thewheat grain. The hole volumewasmeasured
as the total volume of any voids found within the wheat grain
(Fig. 9). The voids were found by finding any pixels within
the segmented wheat grain that were labelled as 0 in the
segmentation mask. These pixels corresponded to voids within
the segmentation and therefore voids within the wheat grain.
Results
Although CT scanning can provide very accurate measurements
of overall spike size (Fig. 1), its main attraction in this
application was the ability to reveal the complex structure of
the spike. The spike is composed of a central rachis that bears
branches called spikelets. The wheat spikelet meristem is
indeterminate and can generate up to 12 floret primordia. At
most, only four or five of these primordia produce functional
florets (Langer and Hanif 1973) and usually only two or three
filled grains are produced. The number offilled grains per spikelet
and their quality, for example, are important agronomic traits that
would be scored by manual dissection.
Segmentation of the grains from the spike material provides a
novel imaging method that retains the location and orientation of
the grains relative to the floral organs within the spike (Fig. 1).
Closer inspection of the spikes revealed that the grains tended
to cluster in groups of three fully filled grains at the base of the
spikes. In the mid-zone, the clusters were still comprised of three
grains but, often, one of the grains was smaller. At the apex of the
spike, the grains were singly spaced (McMaster 1997).
The segmentations produced in this manner closely matched
those of the ground truth. The overall accuracy of the proposed
method compared against ground truth was 99.7% (0.003).
Accuracy was measured as the total number of correctly
identified pixels divided by the total number of pixels in the
image. The proposed method achieved a sensitivity of 0.95
Fig. 7. 3D reconstructions of Indian Shot Wheat grain. Fig. 8. 3D reconstructions of the commercial breadwheat grain.
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Fig. 9. Examples of the morphometric measures that were automatically extracted from the
segmented wheat grain: (a) width and height; (b) half width and crease depth; (c) void within
segmentation.
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Fig. 10. Comparison of measures for (a, c, e, g, i) Indian Shot Wheat (left column) and (b, d, f, h, j) commercial
breadwheat (right column). The histograms show the distributions ordered by their distance from the base of the
spike. The sample sizes for the Indian shot wheat and commercial breadwheat are n = 31 and n = 39 respectively.
(a, b) Width; (c, d) length; (e, f) volume; (g, h) length : width ratio; (i, j) crease depth : width ratio.
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(0.03) and a specificity of 0.99 (0.00). As well as this, the
Dice coefficient (Dice 1945) was used to compare the similarity
of the individual grain segmentations to their related ground
truth. The Dice coefficient was bounded by 0 and 1, with 0
indicating no similarity and 1 indicating an exact similarity.
The overall Dice value of the proposed method was 0.94
(0.04), indicating a strong similarity between the proposed
segmentations and the ground truth.
To evaluate the utility of the approach to acquiring
quantitative grain characteristics in their developmental
context and from different strains, we compared length, width,
volume and crease depth relative to grain position along the
rachis (Fig. 10), and between commercial and landrace types
(Figs 10 and 11). Grain width showed a slight increase from the
base to central region, with a gentle decline towards the apex in
the commercial wheat. The shot wheat grain width was greater
(average = 3.76mm as opposed to 3.52mm) but showed a less
even pattern of change along the rachis. The change in grain
length followed broadly similar patterns in both strains, with a
gentle decline from base to apex, although there was a significant
difference (P= 4.80 1018) in average length (5.47mm vs
7.08mm, Fig. 11). Grain volume was fairly constant near the
base of the rachis and then gently declined towards the apex in
the commercial wheat, but showed a more irregular pattern in
Indian Shot Wheat. Interestingly, the analysis revealed a greater
spreadof volume in the commercialwheat, although, as expected,
the average volume was significantly (P= 0.0024) greater
(Fig. 11). The length : width ratio was closer to 1 in the
landrace type (1.46), reflecting its name ‘Indian Shot Wheat’,
as opposed to 2.03 in the commercial type.
Average crease depth (as measured halfway along the grain)
in the commercial type was ~1.5 times that of Indian Shot
Wheat (Fig. 11). The crease depth followed a similar trend to
width in both strains, except at the apex, where the crease depth
increased in both strains (Fig. 10). Again, there was a significant
difference between the strains when comparing crease depth
(P= 1.61 105).
The crease is a complex and variable morphological feature
that varies from a relatively simple ‘V’ shape to an inverted ‘T’ or
even a ‘D’ shape (where there is an internal void). A V-shaped
crease would provide a hole volume close to zero, whereas other
shapes would provide a positive volume. Based on this measure,
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Fig. 11. Boxplot comparisons of the different wheat grain measures taken from Indian Shot Wheat and commercial breadwheat. The
boxplots show the distribution of morphometric measures over the entire wheat spike. The P-values for each measure are (a) width,
(P= 7.90 103; (b) length, P= 4.80 1018; (c) volume, P = 2.40 103; (d) crease depth, P= 1.61 105; (e) width : length ratio,
P= 1.83 1017; (f) hole volume, P= 1.05 105. The sample sizes for the Indian Shot Wheat and commercial breadwheat are n= 31 and
n= 39 respectively.
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the two types were dramatically different: the commercial type
was close to zero, indicating a V-shaped crease whereas the
Indian Shot Wheat had a dramatically increased score that was
highly variable.
Discussion and conclusions
In this paper, we demonstrate the utility of CT scanning, image
segmentation and reconstruction for capturing grain
characteristics that would be very difficult or time-consuming
to capture by traditional means. Notably, this method has the
potential to retain developmental information that is lost in bulk
grain analysis and to reveal new information on grain structure
that has, hitherto, only been available by means of manual
dissection. The simplicity of the segmentation algorithm
makes it easy to implement, fast to run and easily scalable.
Further work will examine (a) extending the segmentation
approach to automatically identifying and extracting the
surrounding floral organs and branching morphology, and (b)
scaling the technology to where it can be applied to whole
breeding populations. This could be facilitated by the use of a
new CT scanner with scan times being reduced from 80min to
10min for the whole spike.
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